Abstract. We observe new photoluminescence centers in electron-irradiated 6H-SiC with phonon replicas up to 250 meV and clear threefold isotope splitting of the highest energy mode. Based on ab initio calculations, we discuss the tri-carbon anti-site (C 3 ) Si and the di-interstitial (C 2 ) Hex as models for these centers.
Introduction
Clustering of carbon interstitials is a common process in irradiated or ion-implanted SiC [1, 2] . Due to their light constituents, these defects give rise to high-energy localised vibrational modes (LVMs). Some of the centers recently observed, e.g. the U-center [3] , show LVMs with exceptionally high frequencies up to 250 meV. The highest-energy mode shows threefold isotope splitting in 13 C enriched samples, as one would expect from a carbon-carbon dumbbell. Ab initio calculations show [4] that small carbon clusters possess such high-frequency modes, but the threefold splitting is not necessarily an indication of an isolated carbon-carbon dumbbell. The calculations reveal more complex defects such as (C 3 ) Si or (C 2 ) Hex that give rise to a clear threefold splitting.
In this work we report new photoluminescence (PL) centers observed in 13 C enriched 6H-SiC and their isotope splittings. The centers HT3 and HT4 are similar to the previously-discussed Ucenter [3] and possess local modes up to 250 meV. Similar to the U-center, the Z-center [3] shows a threefold isotope splitting. Another center, similar to but distinct from Z, has now been identified and labelled HT5. We suggest microscopic models for the centers based on density functional theory (DFT) calculations. A comparison of the obtained localised vibrational modes in the polytypes 3C and 4H indicates that the vibrational pattern of these defects is polytype-independent, hence justifying the application of the results to the 6H polytype.
Experimental techniques and theoretical modeling
The samples studied were both n-and p-type 6H-SiC. They included both epitaxially grown layers and Lely grown crystals. Typical doping levels were in the range 10 15 -10 16 cm -3 . All the p-type specimens show a strong donor-acceptor pair luminescence. All the optical centers reported occurred for electron irradiation energies both above and below the silicon displacement threshold and irradiations were performed using an ion-free transmission electron microscope. The samples were cooled to about 7 K for PL measurements using Oxford Instruments microstats on Renishaw microRaman spectrometers. 325 nm and 488 nm laser wavelengths were used for excitation. We relate the measured defect centers to microscopic models which were investigated in a DFT ab initio approach with the local density approximation (LDA) using the software package FHI96SPIN [5] . For the calculation of the defect structure supercells with 216 sites have been used for 3C-SiC and 128 sites cells for 4H-SiC with a cut-off energy of 30 Ry. A detailed description of the employed techniques can be found in Ref. [4] . For the analysis of the LVMs the defect molecule approximation has been used: the dynamical matrix has been calculated for the defect and its nearest-neighbour atoms within a full supercell with 216 (3C-SiC) or 128 (4H-SiC) sites. We have verified that this approximation affects only the lowest-energy LVMs.
Experimental and theoretical results Experimental details. All the centers reported here were produced by high-temperature anneals in the range 1000-1500°C. The U-center [3] was the first to come up as the annealing temperature was raised, the Z-center also came up at the lower end of this range of temperatures and persisted to 1500°C in some cases. HT3 and HT4 were observed after 1200°C and 1300°C anneals, but while HT3 was always observed, HT4 was only present in some of the samples. HT5 was observed after the highest of the annealing temperatures (1500°C).
All of the optical transitions were excited by the 325 nm and the 488 nm lasers. The major problem was to deconvolute the spectra so that the spectral details could be assigned unambiguously to a specific zero phonon line (ZPL). Considerable overlap occurred between the spectral details. The deconvolution was achieved by a number of different techniques. One method was by spatial separation. Spectra were obtained at a series of points along lines through the irradiated regions, and the relative intensities of the ZPLs changed with position. A second method was the comparison of results obtained after different annealing temperatures. The relative intensities of the ZPLs changed with annealing. The third method was a comparison of results from a wide range of specimens irradiated with different electron doses and with different electron energies.
An example is displayed in Fig. 1 , which shows the Z-and U-centers (Fig. 1a ) and HT3 and Z contaminated with U 0 (Fig. 1b) in 6H-SiC samples with a 13 C-enrichment of 30%. The U-center, previously described in [3] , has a lower-energy LVM at 151.6 meV in a sample with C isotopes of natural abundance. In the 13 C isotope enriched sample this mode splits in a complex fashion as indicated in the insert to Fig. 1a . The high-energy mode is observed at 246.6 meV (cf. Table 1 ) and shows a distinct threefold isotope splitting (cf. Fig. 1a) . The centers HT3 and HT4 possess vibrational properties similar to the U-center (cf. Table 1 ). However, there are some aspects of the identification of HT3 and HT4 that deserve particular mention. The first is the high-energy mode of HT3, which was observed in a sample with natural C abundance at 546 nm and coincided with the ZPL of HT4. Clear evidence that a LVM of HT3 occurred at this wavelength was deduced from the spectrum obtained from the 13 C enriched sample (Fig. 1b) . This sample lacks the 546 nm ZPL but shows a clear splitting with three LVMs corresponding to the masses of 12 C, a 12 C/ 13 C mixture, and 13 C. The second aspect is the small separation between the low-energy mode of HT3 and the ZPL of the U-center at 525 nm. The sample with natural C abundance shows a small but clear separation be- Measured PL spectra at T=7K using a laser wavelength of 325nm of a) the defect centers Z and U and b) the centers HT3 and Z in 6H-SiC. The latter also contains the ZPL of the U center. The bulk phonon spectrum is highlighted by the grey area. The isotope splitting of the phonon replicas is indicated.
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tween these two peaks. However, the isotope splitting of this mode could not be deduced. The Z-center is the dominant defect center in Fig. 1b . It possesses four LVMs, but only two of them (Z C and Z D in Fig. 1 ) are above the SiC bulk phonon limit. The HT5-center, which is similar to the Z-center, is not displayed. Similar to the U-center, both centers show a threefold isotope splitting of the highest LVM with the frequency ratio of a carbon-carbon dumbbell, while the lowenergy mode shows a complex broadening (cf. inset in Fig. 1b) .
Theoretical details. In order to understand the above-mentioned defect centers with their highfrequency LVMs and threefold isotope splitting of the highest-energy mode we focus on small carbon interstitial and anti-site clusters. Two examples [4] showing such a threefold isotope splitting are the di-interstitial (C 2 ) Hex in 3C-SiC and its structurally similar configurations in 4H-SiC and the tri-carbon anti-site complex (C 3 ) Si (cf. Fig. 2 ). Both defects are thermally very stable. The dissociation energy of (C 3 ) Si is 4.8 eV (5.8 eV) in 3C-SiC (4H-SiC) and that of the di-interstitial (C 2 ) Hex in 3C-SiC is 4.8 eV. In 4H-SiC several different di-interstitial configurations exist [4] with dissociation energies ranging from 5.1 eV to 5.5 eV. We expect that these clusters participate in annealing reactions at high temperatures. In our calculations we find that both defects are in neutral charge state for practically all positions of the Fermi-level. However, applying the ad-hoc Baraff-Schlüter correction [6] to adjust the LDA band gap to the experimental one, we find that for both defects the ionisation level (1 + |0) appears between 1 eV and 1.5 eV above the valence band edge. Although approximate in nature, this correction lets us expect that the excitation of the defect states with laser energies below the band gap energy is possible.
Each defect possesses a distinct vibrational pattern. The tri-carbon anti-site (C 3 ) Si shows five LVMs above the SiC bulk phonon spectrum with frequencies up to 250 meV (cf. Table 2 ). The highest energy mode 5 and the mode 3 at 150 meV are symmetric vibrations with respect to the mirror symmetry of the defect, while the other modes are anti-symmetric vibrations. The small deviation between the frequencies in 3C-SiC and in 4H-SiC shows that the LVM spectrum of this defect is practically independent of the polytype. The isotope splitting of the modes in 13 C-enriched SiC is displayed in Fig. 3a alongside the split modes of the U-center (the modes of HT3 and HT4 are similar). The symmetric modes show an excellent agreement with the phonon replicas of the U-center. Since the bound exciton interacts mostly with the symmetric and not with the anti-symmetric vibration, mode 4 at 180 meV may be suppressed. The various ZPLs may originate from tri-carbon antisites located at different inequivalent sites of the 6H polytype.
The di-interstitial possesses symmetric LVMs at 190 meV and at 160 meV (cf. Table 2 ). The variation between the polytypes and also between the different configurations in 4H-SiC is small. Tab. 1: ZPLs and LVMs above the bulk phonon spectrum of the observed optical centers. 
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The highest mode shows clear threefold isotope splitting (cf. Fig. 3b ). Considering the symmetric modes 4 and 2 of this defect, the vibrational pattern is similar to that of the Z-and the HT5-center. However, as the calculated values are systematically about 10 meV lower than the measured frequencies, the agreement between the calculated LVMs and the measured phonon replicas is less satisfactory than for (C 3 ) Si and the centers U, HT3 and HT4.
Summary
We have observed several new thermally stable photoluminescence centers in 6H-SiC with phonon replicas up to 250 meV. All the centers show a clear threefold isotope splitting of the highest mode with the frequency ratio typical for a carbon-carbon dumbbell vibration. Based on the vibrational spectra obtained by ab initio calculations, the defects (C 3 ) Si and (C 2 ) Hex are discussed in conjunction with the measurements.
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